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ABSTRACT 
The aim of this thesis is to design and implement a speed and steering controller in order to automate 
the Caterpillar AD45B underground articulated mining truck. The controllers should be able to 
smoothly control the vehicle and have reasonable transient responses, given the size and inertia of the 
machine. Due to the vehicle having an internal PI controller, a linear lookup was able to be used to 
determine the engine speed required to travel at certain velocity. At lower speeds when the torque 
converter was in an unlocked state, the linear relationship between engine speed and velocity breaks 
down. An integral-only controller was then used to determine the engine speed to apply when the 
torque converter is unlocked. The steering controller was implemented as a proportional-only 
controller. Once the gain was high enough, steady state errors were no longer an issue, however some 
overshoot did surface under certain conditions. The controllers were able to precisely control the 
vehicle with good transient responses that made the vehicle both quick to respond to changes and 
drive smoothly. 
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NOMENCLATURE 
𝑺𝑹 Steering Rate 
𝐺𝑎𝑐𝑡 Actual Gear selected by machine 
𝐺𝑑𝑒𝑠 Desired gear 
𝑉𝑎𝑐𝑡 Actual Velocity of machine 
𝑉𝐷𝑒𝑠 Desired Velocity of machine 
𝜙 Articulation angle 
𝑃𝑙𝑎𝑛𝑡 Caterpillar AD45B Machine 
𝐸𝑂𝑆𝐴𝑐𝑡𝑢𝑎𝑙 Actual Engine Output Speed 
𝐸𝑂𝑆𝐷𝑒𝑠𝑖𝑟𝑒𝑑 Desired Engine Output Speed 
𝑇𝑂𝑆𝐴𝑐𝑡𝑢𝑎𝑙  Actual Transmission Output Speed 
𝑇𝑂𝑆𝐷𝑒𝑠𝑖𝑟𝑒𝑑 Desired Transmission Output Speed 
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1 INTRODUCTION 
1.1 BACKGROUND 
The University of Queensland Smart Machines Group, in conjunction with Caterpillar (CAT), is 
developing an automated articulated mining platform to be used for haulage missions in mine 
locations. There are several aspects to the development of this technology, including the development 
of an accurate plant model to simulate responses of inputs to the vehicle, the setup of and 
communication with onboard sensory and control devices, and the design of the controller itself.  
The scope of this thesis project is limited to the design of a controller that will determine the 
appropriate inputs to provide the plant – in this case, the Caterpillar AD45B mining platform. The inputs 
to the plant that will need to be determined by the controller are the engine output speed (throttle) 
percentage, retarder (brake) percentage, steering rate and the desired gear selection. These will be 
based on a given desired groundspeed and articulation angle that will come from the tactical planner, 
a separate part of the overall automation package that determines the vehicles path.  
Figure 1.1 shows the AD45B; an underground articulated truck. For the autonomous operation 
project, it has been equipped with wireless local area networking equipment and electronic control 
modules, so it is able to be sent commands and send back data to a computer on site. The controller 
code that is executed is located on these control modules, where it is able to receive inputs from the 
tactical planner, read the current vehicle state information and send commands locally to the 
vehicle. 
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Figure 1.1 – The AD45B underground articulated mining truck at the Hastings-Deering Caterpillar test site located in 
Willawong QLD.  
 
The whole automation suite for the AD45B consists of the tactical planner and sensorium as well as 
the machine itself. In this particular project laser data is not used, but instead a Global Navigation 
Satellite System gives the tactical planner information about the machines position (pose). The tactical 
planner then uses this information to decide on the machine commands it needs to give in order to 
fulfil the mission and required path. The outputs from the tactical planner become in inputs to the 
controller. Figure 1.2 shows a more detailed view of the inputs and outputs of each component of the 
project. This thesis focuses only on the design of the controller, however a sound understanding of the 
operation of the plant is required due to how the controller and plant interface. This becomes 
important in the speed and steering controller design later on. 
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Figure 1.2 – Overview of the tactical planner, Controller and Plant. The scope for this project is limited to the controller and its 
inputs and outputs. Despite this, it is important to have an understanding of the role of the tactical planner and how the plant 
works to have a good implementation of the controller. 
 
1.2 PROBLEM ARCHITECTURE 
A mission is given to the vehicle through the tactical planner. The planner the decides, using the current 
vehicle pose, what movements the vehicle should make in order to fulfil this mission safely. It uses 
data from the vehicle itself, such as speed, heading and articulation rate, as well as satellite navigation 
data to determine its position and how the vehicle will be moving relative to its desired path. The 
outputs of the tactical planner become the inputs to the controller, which is the focus of this thesis. 
The controller takes a desired speed and articulation angle from the tactical planner and converts this 
into something the plant (vehicle) can understand. For the AD45B, the controller’s purpose is to map 
the desired speed and articulation of the vehicle to an engine output speed, brake percentage, gear, 
and steering rate – all of which the plant can use as inputs. As the controller’s inputs to the plant are 
applied, the speed and articulation rage changes, which feeds back into both the controller and the 
tactical planner. This control feedback repeats for the duration of the mission.  
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1.3 MOTIVATION 
The aim of the broader project with SMG and CAT is to automate the underground haulage trucks so 
that mine operating costs may be reduced, and safety improved. The automation of these machines 
reduces costs to the mine operator by removing the need for haulage truck drivers, and by making 
operation more consistent. Machine wear will also be reduced as human errors are removed from the 
equation, decreasing maintenance and repair related costs. Less maintenance activities required 
combined with the potential for higher time efficiency means that the vehicles will be able to work 
more consistently, thus having the potential to increase revenues in a given period. 
Safety was another key factor. The elimination of human error in workloads such as repeated haulage 
routes will make the vehicles safer to those working around them.  
1.4 AIMS AND OBJECTIVES 
The aim of this thesis project was to design and implement a speed and steering controller on the 
AD45B, and in doing so further develop its autonomous operation capabilities. The aims for the 
controllers themselves are as follows: 
1. The controllers are to be able to accurately control the vehicle to the desired speed and turning 
angle. This will be measured by step-response tests as well as situation simulations where the 
vehicle is takes with manoeuvring a given path.  
2. The controllers are to be robust and able to operate under any inputs – especially under 
spurious ones which may cause damage.  
3. Ideally, the controller should also be able to give smooth control to the vehicle in such a way 
that it would be difficult to tell for a passenger if it was the controller or an operator 
performing the actions.  
The aim for the first phase of the overall project (that is, not just scope limited to the controllers) is to 
automate the AD45B’s route through a simulated underground mine path. The path used is shown in 
Figure 1.3 below. 
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Figure 1.3 – Simulated Underground Mine and Desired Machine Path. The test site is located in Willawong in South East 
Brisbane. The black outline shows the simulated underground mining tunnel layout, while the red line shows the desired path 
for the vehicle to follow to complete the mission. 
 
1.5 THESIS OUTLINE 
This report will go in depth into how the speed and steering controllers were designed and 
implemented, and how they performed in testing.  
Section 2 provides a comprehensive literature review which looks into previous work in this area, as 
well as some background knowledge that will help give context to the methodology, results, and 
discussion. 
Section 3 goes into detail on the steering controller, and section 4 on the speed controller. The process 
of their design will be detailed, as well as the issues faced. These sections will also show results from 
Simulink modelling and testing on the machine itself.  
Section 5 concludes the report and gives recommendations for future work, as well as notes the main 
contributions from this thesis to the project.  
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2 LITERATURE REVIEW 
2.1 INTRODUCTION 
This section delves into previous works that are relevant to the scope of this project. Automated 
articulated vehicles have seen more scientific attention in the past two decades partially thanks to 
their increase in use by the mining industry (McAree, 2018). The aim of efforts is to increase efficiency 
and productivity while also ensuring the safety for human operators and mine workers. An articulated 
vehicle consists of two rigid body’s, typically a cabin and a trailer linked by a pivot joint that can rotate 
about its vertical axis. Different machines exist that have the driver cabin on either the front body or 
the rear body, depending on design and application.  
Much of the prior research and works in this area was completed on load-haul-dump machines rather 
than mining platforms or dump trucks. This may be due to their higher complexity, as automating an 
LHD not only requires autonomous pathing, but also requires autonomous operation of the front-end 
loader and interfaces both with the earth piles and the dump truck. On the other hand, the AD45B’s 
only concern is getting from point A to B and offloading material. It is not responsible for the interface 
between the loaders more than being at the right place at the right time.  
2.2 PATH TO FULL AUTOMATION 
The mining platform in consideration here is simplified compared to an LHD vehicle due to the removal 
of the highly complex and stochastic tool-media (read: bucket-dirt) interaction and the way the model 
of the media changes after every scoop (Dadhich, 2015). Due to the complexity in the automation of 
such vehicles, previous research has recommended small steps in moving towards full automation 
(Roberts, Duff, & Corke, 2002). In the paper by Dadhich these steps were adapted into a recommended 
procedure for the mining industry. These may be considered as ‘measures of operator removal’ rather 
than steps to full automation for this project, as the aim here is to take the AD45B from manual to fully 
automatic operation without necessarily completing all of these steps. 
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• Manual Operation: Operator is in the vehicle and has full manual control. 
• In-Sight tele-operation: The operator is outside the machine but still inside the mine vicinity 
and has the vehicle in sight. Tasks on the machine are performed by hand-held remote. 
• Tele-remote operation: Operator is in a control room outside the mine, operating the machine 
via visual and audio feedback from the machine. 
• Assisted tele-remote operation: The machine performs many sub-tasks by itself, but the order 
of execution of main tasks are still controlled by the operator. Main tasks may be considered 
as path planning, loading/dumping timings and alignment and collision detected. The machine 
would be able to autonomously perform these tasks, but the operator would need to signal 
when they are to occur.  
• Full Automation: Machine performs all tasks by itself. Operator is only present for 
emergencies and failures.  
At the commencement of the project, a utility had already been made to perform tele-remote 
operation, however that was not on the overall projects critical path for going from manual to 
automatic operation. 
2.3 TRANSIENT RESPONSE IN CONTROL 
When designing and working with controllers, it can often be helpful to set specifications on the 
transient response of the system. This is typically done through a step response and is important 
because how the plant responds to an input can have extreme effects on the performance of the 
system. In the case of controlling the AD45B, having overshoot in the steering step response is 
particularly undesirable as the machine would not turn smoothly as if it were manually handled, but 
would instead oscillate around the desired turning angle before settling. Additionally, steady state 
error can be an issue as the machine would not end up turning at the expected angle when 
commanded to do so. Figure 2.1 below shows an example of steady state error from a step response, 
and Figure 2.2 shows the overshoot of an oscillating step response signal.  
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Figure 2.1 – Plot showcasing steady state error in a step response. Output 2 has significant steady state error, while Output 1 
has no steady state error. (Nise, 2014) 
 
Figure 2.2 – Step response showing overshoot amount as 26.5% before reaching a steady state value. (MathWorks, 2018) 
 
Cobo, Ingram and Cetinkunt (1998) set desired performance objectives for the closed loop control 
system of an LHD-type vehicle. These particular controls were set with regards to the dumping bucket 
on the LHD vehicle but may provide reference for the performance objectives of the AD45B speed and 
steering control system. It should also be noted the work by Cobo et al. was not aiming to fully 
automate the LHD machine, but simply design the closed loop control for use with an operator. Their 
performance objectives were: 
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1. Transient Response Quality Specifications: 
a. No more than 0.2 seconds delay between commanded velocity and actual velocity 
response. 
b. Settling time for velocity to be less than 0.5s for bucket moving against gravity and 0.2 
seconds for bucket moving with gravity. 
c. Overshoot for velocity step command should be less than 5%. 
2. Steady state error should be so small that it cannot be perceived by the operator. 
3. Minimisation of acceleration and jerk in the operator cabin to reduce fatigue (of operator and 
machine) 
Additional metrics that are required to properly analyse and evaluate control responses are rise times 
and settling times. In controls, the rise time is typically defined as the time taken to rise from 10% to 
90% of the steady-state response (Mathworks, 2019). The rise time indicates how quickly the controller 
adapts to changes in the desired value. For example, a control system with very low proportional and 
integral gains will more than likely have a long rise time, as it will take time for the integral signal to 
build up the error and raise the process variable. The settling time indicates how long it takes for the 
signal to reach within ±2% of the desired value. This gives an indication of how quickly the controller 
achieves the desired value, as opposed to rise time which simply indicates how quickly the output 
signal grows. Figure 2.3 shows three systems with varying transient responses. System 3 exhibits very 
slow rise time and settling time – 2.25 and 7+ seconds respectively – and has the most overshoot. 
System 2 has the fastest rise time of 0.2 seconds but also has relatively large overshoot (about 10%) 
and more importantly has steady state error. Finally, subsystem 1 has a rise time and settling time 
between the two other signals, but has very little overshoot and no steady state error. In this scenario, 
system 1 would be the most optimal control scheme to select due to its well-rounded response.  
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Figure 2.3 – Three example systems with varying transient responses to a step input. System 1 shows the best response, with 
reasonable rise time, low overshoot and no steady state error. Systems 2 and 3 are less optimal due to their worse performance 
in terms of overshoot, rise time or settling time. 
 
2.4 SPEED AND STEERING CONTROLLERS 
There are many solutions proposed in literature when it comes to speed and steering controllers; 
especially the latter. This is primarily due to the vast difference in conditions that these machines 
would need to be able to operate in if they were to be released as fully-autonomous. Many of these 
factors can be complicated to program into a controller.  
Nayl (2015) proposed a model of a Sliding Mode Control for articulated vehicles to provide fast 
convergence and robustness against external disturbances and uncertainties. This is helpful for control 
of non-linear systems, as a complex system such as the AD45B or other articulated vehicles would be. 
However, this controller gets complicated very quickly, especially when accounting for chatter and 
other phenomena that occur in sliding mode controllers.  
Ridley & Corke (2001) note a simpler solution also for articulated vehicles by simply using state 
feedback control. This allows the controller to be easily tuned to the specifications, which may be in 
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our interest as mentioned previously in the works of Cobo, Ingram and Cetinkunt. The weakness here 
is with increasing speed the system becomes unstable, as show in Figure 2.4. 
Figure 2.4 – Root Locus of the system characteristic equation for varying speed between 0 and 15 m/s, with constant gains K 
= [0.0344, 0.3536, 1.6994]. Shows that the root locus changes as velocity changes. (Ridley & Corke, 2001) 
 
The coefficients of the characteristic equations can be kept constant by adaptively changing the gains. 
An assumption was made that slip between the vehicle and ground is negligible, which simplified the 
analysis. This assumption may be valid but depends heavily on the operating conditions of the vehicle. 
It should be noted that the AD45B may have some extremely nonlinear components and many linear 
approximations may not necessarily be valid.  
Rasheed, Ahmed, Afridi & Kunwar (2010) implemented a fuzzy logic controller to implement 
autonomous steering on a vision-based unmanned vehicle. The fuzzy logic splits the error readings 
taken from the comparison of actual heading and desired heading into “fuzzy sets” in order to further 
simplify the controller. Typically, an error value will fall in a location where it is a member of two fuzzy 
sets. The output then is based on the sum of the product of the weighting on that rule and the value 
assigned to it. A crisp value for output is then obtained via ‘defuzzification’.  
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Figure 2.5 – Fuzzy Logic Controller “Fuzzy Sets”( Rasheed et al., 2010) 
 
2.5 CHALLENGES IN ACHIEVING FULL AUTOMATION 
 One of the biggest challenges faced by automating heavy duty mining equipment is the balance of 
costs. Gastafson (2013) indicated that manually operated LHD vehicles were overall more reliable than 
semi-automatic machines that also ran in automatic mode for 30% of their operation time. This 
conclusion stemmed from the fact that semi-automatic LHD’s had close to double the amount of work 
orders for engine and transmission repairs. One interesting note here is that maintenance data from 
the vehicles showed that chassis repairs were lower for the automatic vehicle due to manual operators 
often scraping the inside of narrow mining drifts. In this case, the automatic machines have a pre-
determined path every trip that is strictly adhered to, while in manually operated vehicles human error 
is a factor at all times. However, in the case of the AD45B mining platform, the tactical planner will be 
responsible for avoiding wall collisions whilst trying to complete the mission as fast as possible, so this 
threat to maintenance costs may not be fully nullified. 
From this it may be noted that the overall success of the automation of the AD45B comes from more 
than just the day-to-day operation. If time allows, an investigation into the effects on other costs such 
as fuel and maintenance may be worthwhile. Additionally, a comparison of the same trip/mission 
between a manually and autonomously operated vehicle may be useful to determine where the 
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controller needs to be more or less aggressive with its inputs. It also indicates that the smoothness of 
the controller has a big role to play in the success of the automation. The more the controller can direct 
the machine like an operator would, the less the cost would be for maintenance and repair. 
2.6 TORQUE CONVERTERS 
While manual vehicles use a clutch to disengage the engine from the transmission during gear 
changes, automatic vehicle use a torque converter. A torque converter acts as a fluid coupling 
between the engine output and the transmission (Liu et al, 2018). When the engine speed of the 
vehicle is low, the pressure in the torque converter is low and there is significant slip between the 
engine speed and transmission speed – that is, the output speed from the converter is lower than the 
engine output speed to the torque converter being in this ‘unlocked’ state. This means there is a loss 
in power and a non-linearity in the behaviour of the vehicle speed relative to the engine speed.  
Figure 2.6 – Annotated standard Torque Converter. Power is transferred from the engine to the driveshaft via the fluid coupling 
between the impeller and turbine, which locks at high revolution speeds (ANSU, 2019). 
 
Figure 2.6 shows a diagram of a torque converter. The engine output is connected to the impeller, 
which acts as a pump. As the engine output shaft rotates, the impeller does as well, causing a 
centrifugal force on the fluid which drives it outward. This creates a vacuum in the centre of the 
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impeller, which pulls through the return fluid from the turbine. The fluid forced out by the impeller 
enters the turbine, which turns the drive shaft. The fluid is returned into the pump via the stator, 
which changes the direction of the fluid flow so that the process may repeat.  
The purpose of the torque converter is to allow the vehicle to come to a complete stop without 
stalling the engine. The engine is still able to idle at low RPM while stopped since the torque 
converter is in an ‘unlocked’ state and is not transferring the power from the engine to the 
transmission.  
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3 STEERING CONTROLLER IMPLEMENTATION 
Open loop tests were performed to get a measure of the response of the vehicle when different 
steering rates were applied. The steering rate of the vehicle is a measurement on a scale from negative 
100 to positive 100. Negative numbers indicate turns to the left, while positive numbers indicate turns 
to the right, as per the ‘right hand rule’. The magnitude of the steering rate value has to do with the 
actuation of the hydraulics and is nonlinear in its behaviour. The exact effect different steering rates 
have on the turning ability of the vehicle is best seen through the open loop testing that was 
completed. This section explores the tests that were performed, and in particular discusses three 
phenomena that were observed: the steering dead zone, lopsided turning responses and the coupling 
between the engine speed and articulation rate. 
3.1 STEERING DEAD ZONE 
In this context, the dead zone refers to the range of steering rate inputs that have no effect on the 
steering output of the vehicle. Figure 3.1 shows a plot of the approximate steering dead zones for the 
AD45B. 
Figure 3.1 – Steering dead zones for the AD45B. At steering rates with magnitude less than 30, the articulation rate has zero 
response. This forms the first part of the dead zone. At steering rates with magnitude higher than 60, there is no gain in the 
articulation rate. That is, a steering rate of 60 turn the vehicle at the same speed as a steering rate of 100. This leaves the 
range of 30 to 60 as useful steering rates that are able to control the steering of the vehicle at different rates. 
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Figure 3.2 shows that even at 100% throttle, a steering rate of 30 has negligible effect on the 
articulation angle of the vehicle. In this case, the angle changed by only 0.3 degrees in each direction. 
Figure 3.2 – Steering Open Loop Test with Steering Rate of 30. The articulation has very little response to steering rates of 
such low magnitude. Due to this, it is best for the controller to have a dead band minimum of at least 30 to prevent ineffective 
steering rates being commanded.  
 
Comparing the above result to that in Figure 3.3, the poor performance at lower steering rates 
becomes more evident. After observing this, a limit was placed on the output of the controller such 
that steering rates less than 30 there were never commanded. Additionally, an upper limit of 60 was 
also placed on the steering rate magnitude, as rates over 60 had no significant additional effect. 
Furthermore, a steering rate of 60 gives an articulation angle rate of change of 24 degrees per second, 
meaning that the vehicle could turn to full lock in just two seconds.  
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Figure 3.3 – Steering Open Loop Test with Steering Rate of 40. The articulation is clearly apparent here compared to the 
previous test at a Steering Rate of 30.  
 
Figure 3.4 – Articulation Rate for Steering Rate of 60. The figure shows that the articulation rate when turning to the right 
(negative) is larger than that when turning to the left (positive). Left turns occur at approximately 24 degrees per second, 
while right turns are approximately 26 degrees per second. This explains the difference of 6 degrees in articulation angle over 
2 second tests. 
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3.2 ASYMMETRIC TURNING RESPONSES 
It maybe also be noticed from both Figure 3.3 and Figure 3.4 that the vehicle tends to steer sharper to 
the right that to the left. This was attributed to turning up or down a gradient in the test track. 
However, this behaviour was consistent in all steering tests that were performed, and the test location 
had no grade changes large enough to reasonably cause an effect like this of such magnitude. Figure 
3.5 shows a comparison of steering tests with different steering rate inputs but the throttle held 
constant. From this a relationship can be inferred between the steering rate and the effectiveness of 
left-handed steering. As the steering rate increases, the magnitude of this phenomena decreases.  
There is still no clear answer as to why this occurs. The best hypothesis is that the hydraulic actuators 
that contribute the most to the force that steers the vehicle left are faulty in some way, or just not as 
effective as those responsible for turning the vehicle right. Additionally, it is also possible that the 
centre of mass of the vehicle is offset from perfect centre, making the vehicle turn harder to the right 
than to the left. It was thought that this might be great enough of an effect that the design of the 
controller would be influenced by this phenomenon. However, as will be discussed later in this section 
this was not necessarily the case – this effect can still be seen in the vehicle responses when it is under 
direction of the controller, but it does not have great effect on the performance. 
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Figure 3.5 – Comparison of Steering Tests with different Steering Rate and Same Throttle. A trend can be seen from these 
plots, where the asymmetric steering response gets progressively less in magnitude as the steering rate increases. At a steering 
rate of 60 the issue is essentially non-existent.  
 
3.3 ENGINE SPEED AND ARTICULATION RATE 
The final phenomenon noticed was the relationship between the engine speed and the articulation 
rate of the vehicle. Figure 3.6 shows plots of the rate of change of articulation angle with the same 
steering rate of ±60 but with varying throttles. It can be seen that at higher engine output speeds, the 
rate of change of the articulation angle increases even with the same steering rate. It is believed this 
is the case due to some effect the engine speed has on the hydraulic fluid pressure and thus the speed 
and force of the actuators. Once again this phenomenon may have effect on the performance of the 
controller such that it requires the controller to be designed around it.  
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Figure 3.6 – Comparison of Steering Rate Tests with Varying Throttle. This figure shows a clear relationship between the engine 
speed and articulation rate. From left to right and then down, the plots show rates of 7.5, 12.5, 15, 17.5, 22.5 and 25 degrees 
per second, respectively. 
 
3.4 STEERING CONTROLLER DESIGN 
Each of the three phenomena discussed above complicate the design of the controller in their own 
way. Before a standard PID controller was tested, it was thought that the steering controller may need 
to resort to a look-up system. This would enable the use of a lookup table in three dimensions – using 
the steering rate and engine output speed to determine articulation rate of change required by the 
plant to complete the present mission. Such lookup tables were constructed and are best viewed in 
the form of a surface. Figure 3.7 shows two such surfaces that were created, with one for left turns 
and one for right turns due to the asymmetric nature of their responses as discussed in section 3.2. 
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These surfaces enable a way to better interpret the data previously shown. It can be seen that at low 
engine speeds, raising the steering rate has very little to no effect on the articulation rate of the vehicle. 
At high engine speeds, the steering rate has a non-linear relationship with the articulation rate and 
increases it much further than at lower engine speeds. It should be noted that these plots are made 
up of averaged data from tests like those showcased in Figure 3.6, and that if such a look-up system 
were to be used, more datapoints would be required to reduce interpolation errors. 
Figure 3.7 – Plotted Steering Rate Surfaces which relate the dependent variable of articulation rate to the independent 
variables of engine output speed (as a percentage) and the steering rate. Although the relationship between articulation and 
throttle is fairly linear for constant steering rates, the relationship between steering rate and articulation and constant 
throttles is non-linear. 
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However, in reality the steering controller was able to be made quite simple in comparison to a multi-
dimensional lookup. The controller implemented was a proportional only controller. The proportional 
only controller was tested before determining whether adjustments would need to be made; such as 
adding integral or derivative terms or switching completely from a PID implementation to the value 
look-up method mentioned previously.  
Tests with the proportional controller were done by commanding a desired articulation angle (in 
degrees) and running the controller with various proportional gains. Figure 3.8 shows three different 
tests that were done for a desired articulation of 10 degrees, using gains of 50, 100 and 200 
respectively.  
Figure 3.8 – Proportional Steering Controller. Desired Articulation of 10 degrees turn left, with gains of 50, 100 and 200 
respectively. The pitfalls of low gains is shown with the long rise times and steady state error in plots a) and b). 
 
 
With a proportional gain of 50, there is considerable steady state error of 1 degree. This may not seem 
like much, but it should be noted that for this test, it is 10% error. This is likely due to errors in the 
selection of the steering rate to be applied. One such error may be caused by truncation of decimal 
values. If the controller calculates steering rate to be 30.99 for example, it will convert that value to an 
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integer (which is required for it to be input to the plant) thus making the effective applied value 30. As 
previously showcased, applying a steering rate of 30 has little to no effect on the actual articulation of 
the vehicle. Additionally, the rise time and settling time is far too high for what is reasonable for the 
use case – with a gain of 50 the rise time is 16 seconds. By increasing the gain to 100, we can see 
improvements in both areas. The steady state error has reduced slightly, but only down to 0.8 degrees 
from 1. The main improvement is in that of the rise time, which is now down to 5 seconds – much 
more usable. Going up to 200 again sees improvements in both areas. Firstly, the steady state error 
issue has been completely resolved, and the desired articulation angle is being maintained. The rise 
time has further decreased to 3 seconds. This came as a surprising result, as often proportional only 
controllers exhibit large overshoot and steady state issues, however in this case the controller is 
performant. 
The steering rate to be applied is calculated by multiplying the proportional gain by the error in 
articulation angle. Note that in the data shown in this report, the articulation angle is show in degrees, 
however in the controller calculation below, 𝐴𝑟𝑡𝑖𝑐𝑑𝑒𝑠 and 𝐴𝑟𝑡𝑖𝑐𝑎𝑐𝑡 are in units of radians instead of 
degrees.  
𝑆𝑡𝑒𝑒𝑟𝑖𝑛𝑔 𝑅𝑎𝑡𝑒 = 𝑘𝑃 × (𝐴𝑟𝑡𝑖𝑐𝑑𝑒𝑠 − 𝐴𝑟𝑡𝑖𝑐𝑎𝑐𝑡) 
When the error is zero, the controlled value will go to zero, which in this case is the steering rate. This 
can cause issues in some processes where a certain value of the control must be held in order to 
maintain the desired output. For example, as will be discussed later, the speed controller cannot be 
just proportional as zero error will cause zero throttle, which corresponds to a speed of zero. Thus, the 
throttle must be held at some non-zero value to get the desired speed. However, with the steering 
actuation on the AD45B, the steering rate value does not need to be maintained in order to hold a 
certain articulation rate. The steering rate will adjust until the vehicle is at the desired angle, and then 
it is able to return to zero, since the vehicle’s articulation does not need to be further altered.  
Transitioning from left turn to right turns and vice versa may have also been cause for concern as the 
error is based on the desired articulation angle minus the actual angle, and positive/negative values 
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are being used to discern between left and right. However, with the coordinate system used this is not 
an issue. This is best explained with an example: 
𝑒 = 𝐴𝑑𝑒𝑠 − 𝐴𝑎𝑐𝑡 
35° Left turn (actual) → 25° Right Turn (desired) 25° Right turn (actual) → 35° Left Turn (desired) 
𝑒 = −25 − (35) 
𝑒 = −60 
Negative error, thus vehicle will turn right as 
desired. 
𝑒 = 35 − (−25) 
𝑒 = 60 
Positive error, thus vehicle will turn left as 
desired. 
 
Note that Figure 3.8 shows only left-hand turn tests. It is important to also inspect the response of 
right-handed turn tests due to the asymmetric open loop responses discovered in section 3.2, as the 
same controller parameters may give different responses. Figure 3.9 shows the same test performed 
with right hand turns and controller gains of 50 and 200. Comparing these plots to those same ones 
for left had turns, it can be seen that the issued raised previously are less severe for right hand turns. 
Because it turns faster to the right, it is essentially like having a higher gain on the controller. At 𝑘𝑃 =
50, there is less than 5% steady state error, and the rise time is still a reasonable 5 seconds. At 200, 
overshoot becomes an issue when turning right, but was not apparent when turning left. The rise time 
also becomes less than 1 second.  
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Figure 3.9 – Proportional Steering Controller. Desired Articulation of 10 degrees (right), with gains of 50 and 200 respectively. 
Steady state error and rise times are less of an issue with turning right due to the asymmetric turning phenomena previously 
discussed. However, at the higher gain of 200, overshoot starts to show itself as an issue.  
 
 
3.5 FINAL CONTROLLER GAIN VALUES AND RESULTS SUMMARY 
The final steering controller used during this thesis was a proportional-only controller with a 
proportional gain of 200. This was able to meet the aims for the controllers originally set out for this 
project. Minimal steady state error was apparent with this value, and due to the proportional 
multiplier on the error, risetimes were within 2 seconds. Overshoot only became an issue when 
making right turns due to the asymmetry of the vehicle. A final test was performed with the steering 
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controller, where it was tasked with stepping through smaller articulation angle increments up to 45 
degrees in both directions before returning to driving straight on. The result of this test is shown 
below in Figure 3.10.  
Proportional-derivative controllers may also be a possibility for the future in order to resolve the 
overshoot issues when turning right as much as possible. Alternatively, it may also be possible to use 
two different controllers with separate gains for left and right turns.  
Figure 3.10 – Final Steering Controller test ‘steer-a-mid’. The vehicle was commanded to step up to 45 degree turns in small 
increments in both directions before returning to travelling straight on. The figure shows that the machine was able to 
complete this task smoothly. 
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4 SPEED CONTROLLER IMPLEMENTATION 
4.1 THE AD45B DRIVE TRAIN 
Testing and correspondence with the manufacturer revealed that when the operator of the vehicle 
applied throttle, instead of opening the fuel valve, the vehicle sets a desired engine operating speed. 
A proportional-integral controller internal to the vehicle is then used to regulate the actual engine 
speed via control of the fuel-air mixture to the engine.  
As a result, a typical PID controller was not needed. Instead, a relationship between the desired 
velocity, 𝑉𝑑𝑒𝑠𝑖𝑟𝑒𝑑 in meters per second and the engine speed in RPM was made by using the powertrain 
ratios provided by Caterpillar (available in Appendix A). By using the gear reduction ratios, it was 
possible to map each engine operating speed (EOS) first to a transmission output speed (TOS) for each 
gear, and then to a velocity.  
Figure 4.1 – Block Diagram of Gear Reduction Ratios and their relationship to Transmission Output Speed and Engine 
Operating Speed. The ratios at each stage were taken from Caterpillar documentation on the AD45B vehicle.  
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Table 4.1 – Mapping Velocity to Engine Operating Speed for Each Gear 
Gear Vel [m/s] to TOS [RPM] Vel [m/s] to EOS [RPM] TOS [RPM] to EOS [RPM] 
1F 230.4563 1083.717425 4.702 
2F 230.4563 792.376123 3.438 
3F 230.4563 584.277697 2.535 
4F 230.4563 434.742011 1.886 
5F 230.4563 320.561322 1.391 
6F 230.4563 237.721601 1.032 
7F 230.4563 175.285062 0.761 
1R 230.4563 1120.281889 4.861 
2R 230.4563 826.048384 3.584 
 
The minimum and maximum engine output speeds were known to be 700 and 2330 RPM respectively, 
meaning that using Table 4.1, minimum and maximum speeds for each gear were obtainable. 
𝑉1𝐹𝑚𝑎𝑥 =
2330 𝑅𝑃𝑀
1083.717
= 2.150 𝑚/𝑠  
𝑉1𝐹𝑚𝑖𝑛 =
700 𝑅𝑃𝑀
1083.717
= 0.646 𝑚/𝑠  
The following table shows the minimum and maximum velocities for each gear. The relationship 
between the engine speed and the velocity is linear, so thus the EOS for any speed between the 
minimum and maximum would be able to be found via linear interpolation.  
Table 4.2 – Minimum and Maximum vehicle speeds for each gear 
Gear Minimum Velocity [m/s] Maximum Velocity [m/s] 
1F 0.646 2.150 
2F 0.883 2.941 
3F 1.198 3.988 
4F 1.610 5.360 
5F 2.184 7.269 
6F 2.945 9.801 
7F 3.993 13.293 
1R -0.625 -2.080 
2R -0.847 -2.821 
 
Figure 4.2 shows a plot of the linear relationship between the engine speeds and output velocities for 
each gear.  
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Figure 4.2 – Velocity vs Engine Output Speed for each Gear. This figure shows the theoretical range of velocities for each gear, 
if the gear selection was manual.  
 
4.2 GEAR SELECTION 
The machine uses an automatic gear shifting strategy when in forward gears. At certain transmission 
output speeds, the machine will automatically gear up or gear down, depending on whether it is 
accelerating or decelerating. These transmission outputs can subsequently be converted to engine 
output speeds using the ratios in Table 5.1. As done previously, these engine output speeds can be 
mapped to velocities, thus giving gear shift points in the form of a velocity in meters per second. These 
shift points naturally limit the range of speeds that can be travelled in when a gear is selected. As is 
shown in Figure 5.3 below, the upshift point occurs at approximately 86% of the maximum engine 
output speed, and the downshift at 40%. 
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Figure 4.3 – Velocity and Engine Operating Speed Regions for each gear with the automatic gear shifting points taken into 
account. These points were taken from Caterpillar documentation on the AD45B, however were confirmed with physical 
testing. 
 
Table 4.3 – Upshift and Downshift Engine Operating Speeds and Velocities 
Upshifts Down shifts 
Gear change EOS [%] Vel [m/s] Gear change EOS [%] Vel [m/s] 
1 to 2 86.013 1.940 2 to 1 39.954 1.705 
2 to 3 86.149 2.656 3 to 2 40.891 2.339 
3 to 4 85.532 3.584 4 to 3 41.193 3.155 
4 to 5 85.866 4.830 5 to 4 40.600 4.248 
5 to 6 85.913 6.552 6 to 5 41.159 5.767 
6 to 7 85.774 8.826 7 to 6 40.581 7.767 
 
An issue arises here, as there are many instances where there are two possible gear solutions for one 
𝑉𝑑𝑒𝑠𝑖𝑟𝑒𝑑 speed. This is done by design, so that the machine is not frequently switching gears at 
threshold speeds. It was found that when the brakes are applied, the machine raises its gear-changing 
transmission output speeds. This means that when braking, down shifts are made earlier, and up shifts 
are made later. The machine would never operate under a scenario where it is upshifting while braking, 
so the change of the up-shift point has no effect – it is probable that the original designers of the 
machine just added a constant to the shift points when under braking.  
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Table 4.4 – Gear Shift points under braking 
Upshifts (braking) Down shifts (braking) 
Gear change EOS [%] Vel [m/s] Gear change EOS [%] Vel [m/s] 
1 to 2 96.976 2.104 2 to 1 51.134 1.935 
2 to 3 97.329 2.886 3 to 2 51.935 2.647 
3 to 4 96.419 3.888 4 to 3 52.187 3.567 
4 to 5 96.860 5.242 5 to 4 51.693 4.812 
5 to 6 97.007 7.116 6 to 5 52.171 6.522 
6 to 7 96.786 9.581 7 to 6 51.640 8.796 
 
Comparing Table 4.3 and Table 4.4, it can be seen that the range of engine speed operation for each 
gear changes from 40-85% to 52-97%. It can also be safely assumed that brakes will not be applied 
when shifting up. Thus, if brakes are always used when shifting down a gear, the effective engine 
operating range is between 52% and 85%. It should be noted that the minimum brake amount required 
for the machine to register the brakes as being applied is 20%. Thus, the logic will be that if the machine 
needs to shift down, a minimum of 20% brake will be applied.  
The black lines in Figure 4.4 show the operating points under braking from Table 4.4. The top portion 
of these black bars extending past the normal operating region are the areas where the upshift 
operating speed has been moved up when under braking and can be ignored. If the assumption is 
made that the machine will always be braking when downshifting, the lower portion of each of the 
coloured bars can also be discarded, since the downshift point of the black bar will be used. The result 
of this logic is Figure 4.5, where the velocity range of each gear has been cut down in order to eliminate 
the overlap. 
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Figure 4.4 – Velocity and Engine Operating Speed Regions for each gear, accounting for automatic shift points (coloured lines), 
and how they change under braking (black bars). Both the upper and lower shift points are raised. It is assumed that some 
constant value is added to the shift points, which is why both are raised, even though the vehicle will never be under braking 
when shifting up. 
 
Figure 4.5 – Final Velocity and Engine Operating Speed Regions for each gear, with automatic shift points taken into account 
for both acceleration and braking. The black bars from Figure 4.4 have been truncated to show what the effective shift points 
are. That is, the shift points are raised when shifting down due to being under braking, and the shift points when shifting up 
are not altered. 
 
However, some overlap does still occur in each gear shift, as shown in Figure 4.6 below. As the vehicle 
accelerates past 1.94 m/s in first gear, it will shift into second gear, and when braking in second gear, 
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the machine will shift down once it reaches 1.935 m/s. There is only a 5 mm/s difference between the 
upper threshold in first gear and the lower threshold in second gear. Rather than further complicating 
the logic, it is simpler and better to just remove this overlap in the logic all together. This was done by 
selecting the 1.94 m/s threshold as the point of gear transition. This was the most sensical choice, as 
when accelerating to a speed in the overlap region, the machine would not exceed the threshold 
speed, and thus would not automatically shift up. When decelerating to a velocity in the overlap 
region, the machine would downshift into first gear, and then adjust the engine operating speed to 
maintain the desired velocity in first gear.  
Figure 4.6 – Velocity Overlap between First and Second Gear. There is still some overlap between gear selection velocities even 
after the inclusion of the raised shift points. However, this is such a miniscule amount (only 5mm/s in this case), that it can 
simply be ignored, and the upper bound taken as the transition point.  
 
4.2.1 UPSHIFT AND DOWNSHIFT LOGIC 
In order to make the downshift logic robust and so that the machine could not enter a forward gear 
while it was travelling in reverse, a gear shifting table was constructed and then implemented into the 
controller. The table was constructed by writing several ‘rules’ that the machine needed to follow 
when determining which gear to select. It should be noted that for this project, the machine was 
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restricted to using only the first four gears, which is why the table only considers gears 2R to 4F. 
However, the logic could easily be extrapolated to the other gears.  
 The rules are as follows: 
1. When the desired gear is neutral (gear 0), the machine needs to downshift no matter what 
gear it is in. 
2. When the vehicle is in the correct gear for the desired speed (as determined by the logic laid 
out in the previous section), the machine should aim to reach the reference Engine Output 
Speed corresponding to the desired velocity. Additionally, when the vehicle is in neutral it 
should also drive to a reference EOS to achieve a desired velocity in 1F or 1R. 
3. The machine should aim for an upshift when the desired velocity requires a gear higher up in 
the same direction. 
4. The machine should aim for a downshift when the desired velocity requires a gear lower down 
in the same direction.  
5. When the desired velocity has the opposite sign to current velocity (i.e. going from forward [+] 
to reverse [-]), the machine should first downshift towards neutral before changing direction. 
In below, ‘Down’ corresponds to the machine shifting towards from neutral gear, ‘Up’ corresponds to 
the machine shifting away from neutral gear, and ‘Reference’ indicates that the machine should target 
the Engine Output Speed required for the desired velocity.  
Table 4.5 – Gear Selection Logic for Relationship between Actual Gear and the Gear corresponding to Desired Velocity 
  Gear corresponding to Desired Velocity 
 
 -2 -1 0 1 2 3 4 
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-2 Reference Down Down Down Down Down Down 
-1 Up Reference Down Down Down Down Down 
0 Up Reference Down Reference Up Up Up 
1 Down Down Down Reference Up Up Up 
2 Down Down Down Down Reference Up Up 
3 Down Down Down Down Down Reference Up 
4 Down Down Down Down Down Down Reference 
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4.3 BRAKE REFERENCE SELECTION 
The brake reference selection is another critical component to the speed controller. Thus far the 
discussion has focused on how to speed up the vehicle, and less on how the machine will handle 
desired speeds lower than its actual speed.  
Deriving the brake reference percentage is essentially done by using a proportional controller. The 
error between the desired and actual velocity is calculated, and a constant is multiplied to that error 
to produce the output of the brake reference. This would result in the brake easing off as the actual 
velocity approaches the desired velocity. However, to further improve performance and smoothness 
of operation, an additional variable was introduced to the braking controller; a coasting region. 
The coast velocity 𝑉𝑐𝑜𝑎𝑠𝑡, corresponding to the velocity the vehicle should coast from when slowing, is 
calculated as being Δ𝑉 away from 𝑉𝑑𝑒𝑠𝑖𝑟𝑒𝑑 in the direction of 𝑉𝑎𝑐𝑡𝑢𝑎𝑙. The logic is then adjusted to use 
the value of 𝑉𝑐𝑜𝑎𝑠𝑡 when the machine needs to decelerate. For example, if the vehicle is travelling at 3 
meters per second (𝑉𝑎𝑐𝑡𝑢𝑎𝑙), the desired velocity is 1.4 meters per second, and the coasting Δ𝑉 
constant is 0.4 meters per second, the vehicle will use the brake to decelerate to 1.8 meters per second 
before releasing the brake and ‘coasting’ to 1.4 meters per second by setting the engine speed to the 
value corresponding to 1.4 meters per second.  
The brake application was also limited to be between 20 and 70 percent. 20% as the minimum due to 
values less than this having little effect on the vehicle, and 70% as the maximum to limit the jolts of 
applying brakes suddenly at 100%. 
Figure 4.7 – Brake Reference Selection and Coasting Example. The vehicle will apply brakes to get from 3m/s to 1.8m/s before 
applying the reference engine output speed required to coast to 1.4m/s. 
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4.4 UNLOCKED TORQUE CONVERTER SPEED CONTROL 
During testing of the speed controller, an issue was found where the desired speeds would not be 
reached when they were less than approximately 1.4 meters per second. This indicated that there was 
an issue with setting desired velocities in the range where the torque converter was unlocked. When 
commanded a desired velocity in this range, the machine would do the lookup for that speed as 
described in section 4.2 and set the engine output speed to be the result of that lookup. However, due 
to the torque converter being unlocked, the engine operating at that speed would not translate into 
the expected velocity. Instead, the output to the wheels would lag behind due to the slip between the 
torque converters impeller and turbine. This is evident in Figure 4.8, which shows the data that was 
collected during open-loop testing at speeds which were known to have the torque converter unlocked 
(see appendix B for data collection management plan objectives). The line shows the average of three 
tests that were done at each speed, with the error bars showing the minimums and maximums 
obtained in those tests.  
Figure 4.8 – Engine Operating Speed vs Velocity for Unlocked Torque Converter Speeds. The points for the recorded data are 
taken as the average of multiple tests, where the minimum and maximum speeds for the datasets are shown as the error 
range. This figure makes it clear there is an issue at speeds where the torque converter is unlocked, as all speeds commanded 
within the locked region are attained precisely and with very little error. 
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The same result is shown in Figure 4.9, where a closed-loop test was performed by commanding the 
machine to a velocity in the unlocked torque converter range. The figure shows the same result as in 
Figure 4.8 as expected – the actual velocity lags behind the desired velocity in the unlocked region. 
Once the commanded velocity reaches above 1.4 m/s, the relationship between actual and desired 
velocity is one to one, as expected. Figure 4.9 also shows that at commanded speed of 0.25 and 0.5 
m/s, the vehicle travels at approximately 0.6 and 0.68 m/s respectively. This is unrelated to the torque 
converter issue. These higher speeds occur because the minimum throttle than can be applied to the 
machine is 5%. If less than 5% throttle or no input at all is applied for more than a few seconds, the 
machine automatically stops. This is a safety precaution taken in the design of the machine, to protect 
the machine and operator in the case the operator is unresponsive and not in full control of the vehicle. 
This renders the controller unable to achieve speeds of less than about 0.65 m/s, the speed at which 
the vehicle travels when at 5% throttle in first gear.  
Figure 4.9 – Actual vs Desired Velocity in the Unlocked Torque Converter Speed Range. Shows similar results as Figure 4.8. 
However, this figure also shows the fact that currently, the vehicle is unable to obtain velocities less than 0.6m/s. This is due 
to the fact that in order to remain in the autonomous mode, it needs to be applying some input or else it will automatically 
shut down. When not braking, it must apply 5% throttle to meet this requirement, and the velocity that corresponds to 5% 
throttle is approximately 0.62m/s. 
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It was decided that the best way to address this issue was to implement a ‘sloppy speed’ controller 
that was active when speeds were less than 1.38 meters per second – the approximate point where 
the torque converter transitioned from unlocked to locked. The throttle would be regulated via a 
standard PID-form controller in order to achieve the desired speeds.  
4.4.1 PROPORTIONAL ONLY CONTROLLER 
The throttle output for a proportional-only controller is based on the proportional gain 𝑘𝑃 times the 
error 𝑒, with the output clamped between a minimum of 0% and a maximum of 100%: 
𝑇ℎ𝑟𝑜𝑡𝑡𝑙𝑒 = 𝑘𝑃 × 𝑒 
The set response outputs of this method are shown below in Figure 4.10 with proportional gains of 
100, 200 and 300. When the proportional gain is low, steady state error is a significant problem. This 
occurs because the control variable (throttle) goes to zero as the error goes to zero. As the gain is 
tuned up, the steady state error decreases, but instead there is significant oscillation about the set 
point. This can be explained by considering the series of events that occurs during testing of the 
controller: 
1. At the start, the error is large (~1m/s) and so the throttle immediately goes to its maximum 
value (100%). 
2. The vehicle increases its speed, and the throttle decreases. When the error between desired 
and actual is zero (or negative, i.e. actual is higher than desired), the throttle applied becomes 
zero.  
3. As the speed falls, the error increases (to a positive value) and throttle is applied again. 
4. Steps 2 and 3 are repeated. 
A very unnatural throttle pattern occurs where the throttle is either applied at a high percentage or 
not at all. Since the vehicle cannot maintain the desired speed with zero error, and as a result zero 
throttle, an integral term is needed to accumulate the error over time. This will allow each cycle of the 
controller to slowly wind up the error (and thus the value of the throttle) until the desired velocity is 
reached.  
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Figure 4.10 – Proportional Speed Controller Tests with gains of 100, 200 and 300 respectively. At lower gains steady state 
error is the main issue, and as the gain increases, steady state error is reduced, but overshoot and extreme oscillatory inputs 
become a major problem.  
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4.4.2 PROPORTIONAL-INTEGRAL CONTROLLER 
A proportional-integral controller is what is more commonly seen in control applications. When tuned 
correctly, the proportional term improves the rise time and settling time, while the integral term 
removes the steady state error that was evident previously in proportional only controllers. The 
proportional gain works as before, multiplying some constant to the current error. However, now the 
integral gain also affected the final throttle output value. In control theory this is typically stated as: 
𝑇ℎ𝑟𝑜𝑡𝑡𝑙𝑒 = 𝑘𝑃 × 𝑒 + 𝑘𝐼 × ∫ 𝑒(𝑡) 𝑑𝑡
𝑡
0
 
The integral term thus adds to the output (throttle) the value of the integral gain times the 
accumulated error over time. In the coded implementation of the controller, this was achieved by 
adjusting the value of the integral component in every cycle. The controller was run at 20Hz, so thus 
the calculation of 𝑇ℎ𝑟𝑜𝑡𝑡𝑙𝑒𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙 below was adjusted every 0.05 seconds.  
𝑇ℎ𝑟𝑜𝑡𝑡𝑙𝑒𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙 = 𝑇ℎ𝑟𝑜𝑡𝑡𝑙𝑒𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙 +  𝑘𝐼 × 𝑒 × 𝑡𝑖𝑚𝑒𝑠𝑡𝑒𝑝 
𝑇ℎ𝑟𝑜𝑡𝑡𝑙𝑒 = 𝑘𝑃 × 𝑒 + 𝑇ℎ𝑟𝑜𝑡𝑡𝑙𝑒𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙 
This meant that as error approached zero, the proportional term of 𝑘𝑃 × 𝑒 dropped off to zero, while 
the integral term maintained its position based on the previously accumulated error.  
 Figure 4.11 shows a sample of the tests completed for the proportional-integral controller with various 
different proportional and integral gains. 
Each plot in Figure 4.11 has progressively lower 𝑘𝑃 and higher 𝑘𝐼. Each plot shows that overshoot is 
still a major issue with the integral controller added. In the first instance, overshoot is 30% and the 
desired velocity is not reached at all in the time of the test (40 seconds). As proportional gain is 
decreased, and integral gain increased, the settling time improves significantly to about 20 seconds 
(which is still not an ideal result, but an improvement none the less), but overshoot remains a 
significant issue. When the error is at its highest at the start of the test (𝑒 = 1) the integral gain 
increases very quickly due. Compounding onto this is also the proportional gain, which adds to this 
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increase, making the initial response to a change in desired speed far too extreme. When the overshoot 
is large, the integral controller then overcompensates and reduces the throttle too much (sometimes 
to the minimum, as seen in the figures) and thus the vehicles speed falls below the desired, which only 
leads to the integral controller slowly having to wind up the throttle once again. Improved responses 
can be seen as the proportional gain approaches zero and the integral gain goes higher. This led to the 
idea that perhaps an integral-only controller may be best suited to this application. It would need a 
sufficiently high gain in order to have reasonable rise times, but also not too high such that overshoot 
became an issue once again.  
Figure 4.11 – Proportional-Integral Speed Controller Tests. A PI controller setup improves steady state error drastically and 
removes the previous issues of oscillatory inputs. However, with the integral gain too low, the settling time is far too long 
(over 40 seconds). When the integral gain is high, the settling time is improved, but the overshoot is too high to be considered 
reasonable.  
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4.4.3 INTEGRAL ONLY CONTROLLER 
An integral-only controller is not so commonly seen in real applications. The majority of the time, 
integral only controllers do not have fast enough rise times to be considered viable. However, in this 
application it may be possible due to the fast accumulation of error that occurs and the dynamics of 
how the vehicle responds – that is, the vehicle does not respond instantly to commands from the 
controller. If 100% throttle is commanded, the vehicle will take some time to reach the speed 
corresponding to that throttle -  it has a relatively high time constant. If moving from rest to 1m/s as 
in these step response tests, a settling time of approximately 5 seconds is reasonable for a vehicle of 
such size, due to the dynamics of moving and controlling the speed of such a large vehicle. The machine 
throttle reading from the output of the controller may give more insight into the performance of the 
controller than just viewing the vehicle speed response in isolation.  
Figure 4.12 shows the step responses of integral only speed controller tests with varying integral gains. 
At an integral gain of 40, there are still overshoot issues due to the vehicle not responding fast enough 
to the desired input throttle. From the ‘Machine Throttle’ line on this plot, it is clear how the controller 
winds up the throttle input to 60% before the vehicle actually gets there and overshoots the desired 
speed. The integral then backtracks this command all the way back to zero before finally adjusting and 
settling to a throttle value that achieves the desired speed with an unlocked torque converter.  
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This behaviour is noticeably improved as the integral gain is tuned down. At a value of 20, the machine 
throttle still overshoots its final value, however the response is not extreme enough that the throttle 
goes back to being less than desired. The machine throttle response gives indication that it is 
underdamped. Similarly, the response at an integral gain of 10 shows the response to be overdamped. 
Compared to the proportional-integral controllers from the previous section, the response is far better. 
The settling time is close to just 5 seconds, and the engine does not get overworked by constantly 
swapping between high and low values of throttle. The one possible negative of this form of control is 
the slower rise time.  
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Figure 4.12 – Integral Only Speed Controller Tests. The proportional component of the PI controller serves to boost the response 
when the error is high. However, it was found that this is not needed. Even integral gains alone can be too high such that 
overshoot is still an issue. Once this gain was tuned down, responses became much more reasonable. 
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The plot below shows that at a gain of 15, the controller is still slightly underdamped. The throttle does 
overshoot its desired value to begin with, and slowly adjusts over time. Five seconds after the 
commencement of the test, the steady state desired value has been reached to within 5cm/s. There is 
still a bit of oscillation visible in the velocity response, however some of this may also be attributed to 
random error due to the unevenness of the test track or other random vehicle dynamics and 
exogenous forces. 
Figure 4.13 – Integral Only Speed Controller Test with integral gain of 15, proportional gain of 0. Of the tested torque converter 
speed controller configurations, this was the most effective set up. Overshoot was not an issue, rise time was still reasonable 
and within 2 to 3 seconds, and due to the integral component of the controller, steady state error was not an issue. 
 
Figure 4.14 shows a comparison of each of the tests that were completed using different integral gains. 
It can be observed from this plot that the optimal integral gain is in the range of 10 to 15. These values 
offer the best combination of rise time, settling time, and minimal overshoot and undershoot.  
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Figure 4.14 – Comparison of the Step-Responses of Integral Only Controller with varying gains. This figure shows that the 
optimal integral gain is in the range of 10 to 15. Only the extremes of this range were tested as a part of this thesis. Values in 
this range should also be tested, as the most optimal controller gain for this purpose likely lies there. 
 
4.5 SIMULATED UNIT TESTS 
In order to do a first-pass check of the speed controller, a set of simulated tests were created and run 
in the MATLAB Simulink model of the look-up controller. The output of these tests would indicate what 
the machine should do in each situation, including the gear it should shift to and the throttle and brakes 
it should apply. Table 4.6 shows the simulated unit tests including their description, input parameters, 
expected results and the results of that test. Comparing the expected to the actual, it can be seen that 
the simulation done in MATLAB agrees with the expected values that were calculated manually. For 
these tests the braking proportional gain was set to 50.  It should also be noted that in this series of 
unit tests, the torque converter speed controller was not being used. The MATLAB Simulink model 
used to generate these results is shown in  
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Table 4.6 – Simulated Unit Tests and Results for Speed Controller 
# Test Description Input 
Desired V 
Input 
Actual V 
Input 
Actual G 
Exp Gear 
Desired 
Exp 
Throttle 
Exp 
Brake 
Simulated 
Gear 
Simulated 
Throttle 
Simulated 
Brake 
1 Accelerate to reference in gear 2.5 2 2 2 78.59 0 2 78.57 0 
2 Decelerate to a distant reference in 
gear using brakes 
2 2.5 2 2 0 25 2 0 25 
3 Decelerate to a close reference in gear 
via coasting 
2 2.3 2 2 54.28 0 2 54.28 0 
4 Full throttle to achieve upshift from F1 
to F2 
2.5 1.5 1 2 100 0 2 100 0 
5 Brake to achieve downshift from F2 to 
F1 
1.5 2.5 2 1 0 50 1 0 50 
6 Coast with min-brake to achieve 
downshift from F2 to F1 
1.9 2 2 1 0 20 1 0 20 
7 Need to brake as much as possible 1 4 4 1 0 70 1 0 70 
8 Get out of Neutral to a speed in 1F 1 0 0 1 23.54 0 1 23.54 0 
9 Get out of Neutral to a speed in 1R -1 0 0 -1 25.78 0 -1 25.77 0 
10 Accelerate to reference in negative 
gear 
-2.5 -2 -2 -2 83.75 0 -2 83.74 0 
11 Decelerate to a distant reference in 
negative gear using brakes 
-2 -2.5 -2 -2 0 25 -2 0 25 
12 Decelerate to a close reference in 
negative gear via coasting 
-2 -2.3 -2 -2 58.41 0 -2 58.41 0 
13 Full throttle to achieve upshift from R1 
to R2 
-2.5 -1.5 -1 -1 100 0 -1 100 0 
14 Brake to achieve downshift from R2 to 
R1 
-1.5 -2.5 -2 -2 0 50 -2 0 50 
15 Coast with min-brake to achieve 
downshift from R2 to R1 
-1.8 -2 -2 -2 0 20 -2 0 20 
16 Need to brake as much as possible at 
reverse speeds 
-1 -2.8 -2 -2 0 70 -2 0 70 
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# Test Description Input 
Desired V 
Input 
Actual V 
Input 
Actual G 
Exp Gear 
Desired 
Exp 
Throttle 
Exp 
Brake 
Simulated 
Gear 
Simulated 
Throttle 
Simulated 
Brake 
17 Command zero velocity from a positive 
speed 
0 1 1 0 0 50 0 0 50 
18 Command zero velocity from a negative 
speed 
0 -1 -1 0 0 50 0 0 50 
19 Command a desired speed slower than 
idle 1F 
0.3 0 0 1 0 0 1 0 0 
20 Command a desired speed slower than 
idle 1R 
-0.3 0 0 -1 0 0 -1 0 0 
21 Command a positive speed while going 
backwards 
1 -1 -1 0 0 50 0 0 70 
22 𝑉𝑎𝑐𝑡 =  𝑉𝑐𝑜𝑎𝑠𝑡 1 1.4 1 1 23.54 0 1 23.54 0 
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Figure 4.15 – MATLAB Simulink Logic for calculating the desired gear, engine output speed (throttle) percentage and the brake pressure. MATLAB functions were used to perform the more complex 
calculations and lookups. Simulink is useful for constructing such systems, however it makes some methods (such as if statements) more complex and harder to read than if it were done in a more 
traditional programming language. 
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4.6 FINAL CONTROLLER GAIN VALUES AND RESULTS SUMMARY 
The final values for the ‘sloppy speed’ controller that were tested were the integral-only controllers 
with gains of 10 and 15. These two controllers provided the best results; however, it is possible that a 
gain between these two values is what proves to be the best arrangement and should be tested as a 
part of future works on the controller. Of the two, a gain of 15 provided better results, with a rise 
time of 2 seconds, settling time of 5 seconds and zero steady state error, but did exhibit overshoot of 
6%.  
The speed controller that was used when the torque converter was locked proved to be very 
effective. As shown in the examples in Figure 4.8 and Figure 4.9, once in the locked region the lookup 
tables that were implemented were executed as expected. Similarly, Figure 4.16 shows the response 
of the vehicle when instructed to travel ad different speeds in the unlocked torque converter velocity 
region. The responses are not as strong as previously tested. The settling time increases from 2 to 3 
seconds to 7 to 9 seconds when performing this ramped input. The reason for this can be seen from 
the machine throttle indicated. As the error is relatively small to the step response tests performed 
earlier, the integral term takes longer to ‘wind up’ and increase the throttle being applied. Thus 
although the vehicle may only need an additional 5% engine speed to reach the new desired velocity, 
it takes several seconds to reach that point. It may be worthwhile revisiting the proportional-integral 
controller and apply very low proportional gains (such as 5, or perhaps even lower) to give the 
vehicle a boost in these situations.  
However, once the vehicle reaches the locked torque converted speeds of approximately 1.4m/s and 
above, the step response is much stronger with a rise time of 2 seconds and a settling time of 3 
seconds.  
For the brake controller, a proportional gain of 50 was used. This allowed the vehicle to smoothly 
transition from applying the brakes to coasting to the desired speed. 
 
51 
 
Figure 4.16 – Ramp Input with Integral Only controller with gain of 20. This plot shows how the vehicle responds when 
commanded to step up through different velocities in the unlocked converter region, and the transition to locked converter 
speeds. Since the controller is integral only, the response to new input speeds is relatively slow – it extends to 7-9 seconds, up 
from the 2-3 second settling times that were achieved in the step responses. This may be an indication that a very low 
proportional gain (such as 5) may be necessary to boost the rise time. 
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5 CONCLUSIONS 
Revisiting the aims for this project, the key desired outcome was for the controllers to accurately and 
consistently control the vehicles desired speed. Through the showcasing and discussion of the step 
response tests in this report, it is fair to say this aim was completed. The speed controller was able to 
control the vehicles velocity to within very low margins of error thanks to the on-board proportional-
integral controller that did the heavy lifting. This meant all that was required was a lookup table that 
mapped a velocity to an engine speed. However, it was found that the relationship broke down at 
slower speeds, where the torque converter was unlocked. In pursuit of completing this objective, a 
solution was designed in the form of an integral-only controller. Though not common in industrial 
applications, the integral only controller was best able to control the vehicle at low speeds, having a 
favourable compromise between low (or no) overshoot and fast rise and settling times.  
The steering controller was paid less attention throughout this project due to its less complicated 
nature. A proportional controller was sufficient for the purpose, despite all of the unexpected 
phenomena that occurred when the machine turned. This was possible due to the nature of the 
mechanism that the machine used to steer – an input steer command of zero would hold the current 
articulation angle. Thus as the error approaches zero, so does the input steer command, which 
achieves the desired control effect. 
 As for robustness, care was taken to ensure that all possible use cases were accounted for. The gear 
selection logic was designed so that the vehicle would never change gears in an inefficient or possibly 
damaging way. Additionally, it was shown that the sign convention for steering as anticlockwise 
positive led to no errors in calculation of desired steering directions. 
Finally, it proved difficult to measure how smooth the controller was, and how much it behaved like a 
human operator. However, by viewing the throttle percentage and steering rate input data from the 
plots shown in this report, it can be seen than once tuned, both of the controllers had smooth 
responses to desired speeds and steering angles. Additionally, valuable feedback was given by the 
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operators seated in the vehicle cab during testing, who said the final implementation of the controllers 
were quite smooth.  
5.1 CONTRIBUTIONS 
This thesis provides a solid foundation moving forward with the design of both the speed and steering 
controllers. Though many possible exogenous factors were not accounted for (such as vehicle load and 
track slope) due to the complexity they would add, good headway was made with the general design 
of the controllers. One of the main contributions was the work on the slow-speed controller where the 
torque converter was in an unlocked state. This posed a new problem compared to the rest of the 
speed controller design and was ultimately solved in a relatively unusual way through the use of an 
Integral only controller. This was possible due to the longer time constant that the vehicle exhibited as 
a result of its inertia and dynamics when accelerating from rest. The issue of the torque converter was 
fully resolved as a part of this thesis. 
What did we do that was new and different? This would focus on the development of the sloppy speed 
controller / torque converter work.  
5.2 FUTURE WORK 
A project like this has vast opportunities for future work. Due to the nature of interacting with the 
external world, there are many exogenous factors that may impact performance if they are not taken 
into account. 
One key factor that was witnessed affecting results was the grade of the ground the vehicle was on. 
Although not significant, the testing area did have a maximum grade of about 2% (1:50). When testing 
the torque converter, it was noticed that the direction of slope had a visible effect on results. This is 
one of the reasons that at least 3 tests were performed for each speed, and an average taken. The 
extremes of the results are visualised by the error bars in Figure 4.8. At these grades it made very little 
difference (about 0.05 to 0.1 m/s), but if steeper slopes are a possibility in their use then this may 
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require more work. A solution may be reverting the speed controller back to a PID form, so that it can 
track error and adjust as necessary, since the lookup may not be as effective on inclines.  
Similar to the field gradient, the load of the vehicle may also prove and important factor. It is important 
to know that the performance of the vehicle will differ when it is loaded compared to when it is 
unloaded. The additional mass would significantly alter the performance of the controllers. Although 
it may not impact steady-state values much, the transient response could deteriorate significantly.  
The low-speed performance of the vehicle could also be improved. Figure 4.9 shows that desired 
speeds of less than 0.6 m/s cannot be reached. As explained in the report, this is due to the fact that 
some input is needed at least every 5 seconds to prevent the machine from switching off. Further 
works in this area could investigate both how to circumvent or disable this system, or alternatively 
form a more complex solution of using both the brakes and throttle to maintain those lower speeds. 
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7 APPENDIX 
7.1 APPENDIX A – VEHICLE POWERTRAIN RATIOS 
 
7.2 APPENDIX B – SPEED CONTROLLER DATA GATHERING MANAGEMENT PLAN 
Objective 1: Collect data of step responses to percentage EOSDes inputs. 
A previous site trip collected data on this same topic by commanding 𝐸𝑂𝑆𝑑𝑒𝑠𝑖𝑟𝑒𝑑  in increment of 1% 
every 5 seconds, from 0% to 30% in one test and 30% to 60% in separate test. There was a 
discontinuity between the two data sets, and conclusions could not be made about the requirements 
for a controller for speeds where the torque converter is unlocked. 
In an attempt to solve this, this objective will test: 
• Step responses for [0 through 60%] EOSDes in [5%] increments. Starting at 0% and working 
towards to 60%. The EOSDes command shall be held for 30 seconds (until a steady state is 
reached) before stopping. 
• As above but starting at 60% and working towards 0%. 
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Tests to be performed in both 1F and 1R. 
Total Tests: 48. 
Success measure: The data sets detailed below have been gathered. 
Timing: 2 hrs. 
Procedure: 
Task 1.10. Isolate the testing area. 
Task 1.20. Have an operator start the machine and get it ready for automation. 
Task 1.30. Start the log. 
Task 1.40. Using the machine control interface, perform the test from the table described below. 
If any test is not safely completable under automation (e.g. due to space constraints), make a 
note. 
Task 1.50. Make any relevant notes about the test in the field logbook. 
Task 1.60. Stop the log. 
Task 1.70. Repeat 1.30 – 1.60 until all tests have been completed satisfactorily at least once. 
Task 1.80. Convert the data and back it up to the field laptop. 
Test Description 
A With the vehicle starting at rest, command the machine to [5%, 10%, 15%, 20%, 25%, 30%, 
35%, 40%, 45%, 50%, 55%, 60%] EOSDes at gear 1F and have it reach its steady state speed. 
Once reached, the test is complete. 
B With the vehicle starting at 60% EOSDes at steady state speed, command the machine to 
[55%, 50%, 45%, 40%, 35%, 30%, 25%, 20%, 15%, 10%, 5%] EOSDes at gear 1F and have it 
reach its steady state speed. Once reached, the test is complete. 
C As test A, but in gear 1R 
D As test B, but in gear 1R 
 
Objective 2: Collect dataset with no controller in place for unlocked torque converter speeds. 
This test will examine how the machine currently behaves to speed inputs when they are within the 
range of the unlocked torque converter speeds (between 0 and about 1.4 m/s). This will allow the 
tests without a controller (this objective) to be compared to those with a controller (objective 3), 
giving a before-and-after, and allowing conclusions to be drawn about the effectiveness of the 
controller. 
The following tests will be performed: 
• From rest, command the vehicle to a velocity of [0.25, 0.5, 0.75, 1, 1.25, 1.5] m/s, maintain 
for 20 seconds and then command the vehicle to rest. 
• From a starting steady state speed of 2m/s, command the vehicle to a velocity of [0.25, 0.5, 
0.75, 1, 1.25, 1.35, 1.45, 1.6] m/s, maintain for 20 seconds and then command the vehicle to 
rest. 
• Tests to be performed in both 1F and 1R. 
Total Tests: 24 
Success Measure: The data sets detailed below have been gathered. 
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Timing: 2 hours 
Procedure: 
Task 2.10. Isolate the testing area. 
Task 2.20. Have an operator start the machine and get it ready for automation. (RH) 
Task 2.30. Start the log. 
Task 2.40. Using the machine control interface, perform the test from the table described below. 
If any test is not safely completable under automation (e.g. due to space constraints), make a 
note. 
Task 2.50. Make any relevant notes about the test in the field logbook. 
Task 2.60. Stop the log. 
Task 2.70. Repeat 1.30 – 1.60 until all tests have been completed satisfactorily at least once. 
Task 2.80. Convert the data and back it up to the field laptop. 
Test Description 
A Have the vehicle at rest. 
Command the machine to the velocity prescribed for this test. Maintain this for 20 
seconds. 
Command the vehicle to come to rest – 0m/s. 
B Command the machine to a velocity of 2m/s and allow it to reach this speed. 
Command the machine to the velocity prescribed for this test. Maintain this for 20 
seconds. 
Command the vehicle to come to rest – 0m/s. 
Objective 3: Collect speed control dataset for unlocked torque converter speeds. 
This test will examine how the machine behaves with the first iteration of the torque converter 
speed controller. For this test the controller will be a simple proportional controller. 
The following tests will be performed: 
• From rest, command the vehicle to velocity [0.25, 0.5, 0.75, 1, 1.25, 1.5] with the controller 
set to Kp of [110, 130, 150]. Maintain for 20 seconds, command vehicle to rest (0m/s). 
• From a starting constant speed of 2m/s, command the vehicle to velocity [0.25, 0.5, 0.75, 1, 
1.25, 1.5] with the controller set to Kp of [110, 130, 150] Maintain for 20 seconds, command 
vehicle to rest (0m/s). 
• Tests to be performed in both 1F and 1R. 
• Total tests: 72. 
Success measure: The data sets detailed below have been gathered. 
Timing: 4 hrs. 
Procedure: 
Task 3.10. Isolate the testing area. 
Task 3.20. Have an operator start the machine and get it ready for automation. (RH) 
Task 3.30. Start the log. 
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Task 3.40. Using the machine control interface, perform the test from the table described 
below. If any test is not safely completable under automation (e.g. due to space constraints), 
make a note. 
Task 3.50. Make any relevant notes about the test in the field logbook. 
Task 3.60. Stop the log. 
Task 3.70. Repeat 1.30 – 1.60 until all tests have been completed satisfactorily at least once. 
Task 3.80. Convert the data and back it up to the field laptop. 
For both 1F and 1R gears: 
For each Kp in [110, 130, 150] 
For each velocity in [0.25,0.5,0.75, 1, 1.25, 1.5]: 
Test Description 
A Have the vehicle at rest. 
Command the machine to the velocity prescribed for this test. Maintain this command for 
20 seconds. 
Command the vehicle to come to rest – 0m/s. 
B Have the vehicle at rest. 
Command the machine to a velocity of 2m/s and allow it to reach this speed. 
Command the machine to the velocity prescribed for this test. Maintain this command for 
20 seconds. 
Command the vehicle to come to rest – 0m/s. 
 
Common Testing Template: 
The following template is valid as is for Objective 1. For objectives 2 and 3, ‘Throttle’ and ‘EOSDes’ can 
be replaced with ‘VDes’. 
 
Starting from rest: 
Description Time Throttle G_limit Brake Steer 
Starting at Rest 0 0 1 0 0 
Step Response throttle EOSDes 2 EOSDes 1 0 0 
Maintain EOSDes for 30 seconds 
before stopping 
32 0 0 0 0 
End test 47 0 0 0 0 
Starting from 2m/s: 
Description Time Throttle G_limit Brake Steer 
Starting at Rest 0 0 1 0 0 
Command 2m/s 2 EOS2m/s 1 0 0 
Allow to reach steady state, then 
step response throttle EOSDes 
17 EOSDes 1 0 0 
Maintain EOSDes for 30 seconds 
before stopping 
47 0 0 0 0 
End test 62 0 0 0 0 
 
